Sections in a friction stir processed AZ31 Mg alloy were extracted primarily from specific positions corresponding to the stir zone to explore the tensile responses of mini-regions. According to the orientation distribution examined by the thin film X-ray method, basal planes in the stir zone tended to lie in a valley shape; meanwhile, a banded structure could also be recognized in the stir zone. The variation of basal plane alignment affects the deformation resistance and tensile ductility so that the tensile responses behaved as a function of locations in the stir zone. Combining sections with variant deformation resistance, the yield stress of a global specimen was similar to that of the mini-region with the minimum deformation resistance. With locations of low fracture resistance, the banded structures in the stir zone strongly affected the fracture feature and tensile ductility of each friction stir processed mini-region. The banded structures in the stir zone were also responsible for the reduction in the ductility of the globe specimen.
Introduction
With an aim to reducing weight, the application of magnesium alloys in mobile electronic devices has increased in recent years, especially for components produced by wrought processes. Most wrought processes of magnesium alloys result in their own texture being related to the loading or the shear direction in the process. Previous investigations have clarified that extruded magnesium alloys usually gave rise to a basal texture with {0002} planes aligned along the extrusion direction. 1, 2) Since the effects of extruded microstructure on the tensile properties may vary between different textures, the exploration can be conducted by examining the differences in tensile specimens prepared with various preferred orientations.
Friction stir process (FSP) was developed in the last decade as a powerful approach to microstrcutural modification 36) because this process can be applied on a selected area with fewer preparations compared with other grain refinement techniques. The stirring tool of FSP consists of a combination of pin and shoulder to induce dynamic recrystallization grains on the workpieces. The pin is the source of "stir" which gives rise to material flows while the shoulder is mainly responsible for introducing the friction heat in the process. The resulting microstructure of a stir zone is affected by the interaction of material flows and the heat gradient. Some literature 7, 8) indicates that the stir zone involves a banded structure combining grains with different size and orientations, which implies that the microstructure of the stir zone is not so "uniform".
A texture study reported by Park et al. 9) confirmed that {0002} basal texture changes gradually in different sections of the stir zone in friction stir welded AZ61, and an ellipsoid structure was proposed. Furthermore, Xin et al. 10) and Bhargava et al. 11) examined the texture distribution of FSPed AZ31 alloy and reported that basal planes basically surrounded the pin surface due to material flows resulting from the friction stir process. Lee et al. 6, 12) and Woo et al. 13, 14) indicated that the FSPed AZ31 alloy showed an obvious reduction in the yield stress and a better elongation compared with the base metal under both hot-extruded and rolling condition. It should be noted that a better uniform elongation can be acquired in the FSPed AZ31 alloy due to its increasing work hardening rate at high strain, which can be attributed to the presence of deformation twins in the tensile deformation. 6, 12) In contrast with the extruded microstructure, the FSPed microstructure of AZ31 alloy can be considered as an aggregation containing altered textures and grain structures. Since the local properties of the friction stir affected zone can be influenced by the process, the overall tensile deformation response can be correlated with the variation of local responses pertaining to the non-uniform distribution of microstructural features.
The main purpose of the current investigation is to examine the effects of heterogeneity from a more localized and informative point of view. Sections were extracted primarily from specific positions within the stir zone to explore the tensile responses of each mini-region. Another aim is to explore the reason of fracture location which affects the tensile ductility when combining the material with a friction stir processed zone is inevitable. The correlation between the tensile ductility and the fracture characteristics for different types of tensile specimens cut from designated regions are discussed as well.
Experimental Procedures
A commercial extruded plate of AZ31 (Mg3%Al1%Zn, mass%) alloy was prepared for use as the substrate in the friction stir process. The process was produced with a stirring tool 1.5°back-tilted from the normal direction (ND) of the substrate at a rotation speed of 1600 rpm and a traverse speed of 60 mm/min. The stirring tool adopted in this investigation consisted of a 15 mm radius shoulder and a 5.5 mm radius cylindrical pin with a depth of 4 mm.
The crystallographic texture within the stir zone was measured using a thin film X-ray diffractometer equipped with a RINT2000 wide angle goniometer (Cu target, 50 kV and 300 mA). To map the distribution of orientations, samples on the cross section perpendicular to the transverse direction (TD) were cut individually from the middle section beginning 1 mm from the top surface. Five locations were selected equally within 5.5 mm (pin diameter), and the X-ray samples were designated as R2, R1, C1, A1 and A2 from the retreating side to the advancing side.
To investigate the effects of the loading direction on the tensile properties and the fracturing of FSPed AZ31 alloy, tensile specimens in selected directions and locations were cut as illustrated in Fig. 1 . Miniature specimens prepared from the same locations as X-ray samples were also identified as R2, R1, C1, A1 and A2. The tensile direction of the "PD" and the mini-region specimens was parallel to the process direction (PD), where "PD" refers to the center section involving R1, C1 and A1 in the stir zone. Loaded along the transverse direction, "TD" and "TDp" referred to the gauge length which is entirely covered and partially covered by the stir zone, respectively. To explore the effect of the textural difference and banded structure, the thickness of the miniregion specimens and samples loaded along TD was chosen to be 1 mm as illustrated in Fig. 1(c) and Fig. 1(d) . Uniaxial tensile tests were conducted at an initial strain rate of 8.3 © 10 ¹4 s ¹1 with a constant crosshead speed, and the tensile data of each test condition were collected from at least three test results.
Experimental Results and Discussions

Tensile property differences among PD, TD and
TDp specimens of friction stir processed AZ31 alloy To compare the global tensile response between the longitudinal direction and the transverse direction, the tensile specimens were cut as indicated in Fig. 1(a) . As shown in Fig. 2 , the tensile yield stress demonstrates an anisotropic characteristic as loaded along TD and PD. It is well known that the tensile yield stress can be correlated with the textural feature as well as other microstructural features, and the yield phenomenon of Mg alloy is controlled by its well-developed basal texture. 15, 16) The {0002} basal texture that rotates around the stirring tool may be responsible for this anisotropic characteristic in the deformation resistance. It should be noted that the elongation of the TD specimens is close to that of the PD specimens, but an obvious deterioration can be observed in the TDp specimen involving the same section of the TD specimen. Despite the size effect, the displacement of the gauge length section in the TD and the TDp specimens is identical; however, the ultimate tensile stress of the TDp specimen is significantly lower than that of the TD sample as they both fracture soon after the ultimate tensile stress. Apparently the fracture resistance of the specimen combining the stir zone and the base metal is much lower than that of the specimen entirely within the stir zone when the tension is along the transverse direction.
As demonstrated in Fig. 3(a) and Fig. 3(b) , the fracture position of the TD and the TDp specimens is located at their retreating side and advancing side, respectively. Due to the complexity where the gauge length portion is coupled with the transition area and the base metal, the presence of stir zone not only introduces non-uniform microstructure with low or high deformation resistance, but also introduces inhomogeneous mechanical factor as stress concentration. Consequently the plastic deformation of a specimen will localize in the region of low deformation resistance, which causes the deterioration of the tensile ductility. However, the fracture position of the TDp specimens were mainly located on the boundary between the stir zone and the base metal; meanwhile, the gauge length section of the TDp specimen deformed to fracture shows no obvious area reduction in the section close to the base metal. Apparently boundaries with a low fracture resistance have a greater effect on the fracture behavior of the FSPed AZ31 alloy than low deformation resistance. Figure 4 (a) demonstrates the variations in tensile deformation resistance as a function of local distance corresponding to the centerline of the stir zone. For the selected regions located in the vicinity of «3 mm from the centerline, it is shown that their deformation resistance is significantly lower in comparison with the transition area and the base metal. The globe tensile deformation resistance is also shown in Fig. 4(a) , and it is clear that the yield stress of abovementioned mini-regions is higher than or at least equal to that of the global result since the globe specimen actually contains the regions of R1, C1 and A1. It is reasonable to suggest that the mini-region with the minimum deformation resistance dominates the yield phenomenon in the aggregation of these mini-regions.
Tensile response of miniature specimens deformed in tension along PD
As shown in Fig. 4(b) , the elongation of the specific locations reveals an "M-shaped" distribution corresponding to the "W-shaped" distribution of the flow stress. With regard to the tensile ductility response of each mini-region affected by friction stir process, the vicinity of the centerline has a better elongation than the other regions. The elongation to failure at R1 and A1 shows an excellent tensile ductility that has a maximum higher than 50% while a comparatively small elongation (35%) can be recognized in the centerline region C1. The significantly high elongation of R1and A1 should be attributed to their low yield stress revealed in the tensile deformation. However, the fluctuation of the tensile ductility data of these two mini-regions is apparently higher in comparison with other regions. This implies that the inhomogeneous microstructure may play a role in this fluctuant tensile ductility of the stir zone. For comparison, the tensile elongation obtained from global specimens is also indicated in Fig. 4(b) , where the horizontal line indicates a reduction in the global tensile elongation. The tensile ductility of the global specimen is significantly diminished in comparison with most of the miniature specimens within the stir zone. This inconsistency between the globe ductility and the mini-region ductility confirms that tensile fracturing occurred more easily in the globe specimen. comparison of fracture morphology between the global and the miniature specimens. As shown in Fig. 5(a) , the fracture surface of the global specimen reveals a valley shape, and the fracture surface of the miniature tensile specimens also follows the same shape since their fracture positions cannot be assembled to form an entire valley shape (see Fig. 5(b) ). This observation corroborates that a specific location with the minimum fracture resistance existed in the stir zone. Figure 6 (a) demonstrates a valley-shaped stir zone, and Fig. 6(b) shows the fine dynamic recrystallization grain structure in contrast with the coarsening grains of the base metal ( Fig. 6(d) ). The flow pattern apparent in stir zone demonstrates a banded structure involving discontinued layers with finer grains. This banded structure resulted from the stacking of material flows during the friction stir process, 7, 17) and the microstructure on the top surface of the stir zone (Fig. 6(e) ) can be its analogue. Some finer grains as indicated with arrows appear within stacked burrs, which can explain the formation of finer grains in the banded structure during the friction stir process. Repeating material flows are stacked due to the stir flow caused by the stirring tool, and they are welded together when the friction heat promotes the disappearance of their interface. It can be deduced that this location is the origin of tensile fracturing.
Microstructural factors pertaining to the fracture location
The pole figures of the five specific locations within the stir zone are demonstrated in Fig. 7 from the retreating side to the advancing side, respectively. Though the display range of pole figures is restricted within 075°with respect to TD, the h0002i direction of each specific location can be deduced and confirmed using f10 10g and f10 11g pole figures. All locations have a basal texture and the h0002i direction tilts obviously from PD, the intensity of {0002} pole figure at position C1 is much more dispersed than at other locations though. From the distribution of f10 10g and f10 11g pole figures at position C1, it can be confirmed that the h0002i direction in the centerline of the stir zone tilts about 55°from PD and is approximately perpendicular to TD. Close to both sides of the stir zone, the h0002i direction of the mini-regions gradually tilts towards TD, and therefore the basal planes of the stir zone rotate along an axis that is tilted 3060°b ackward to ND. According to the above-mentioned orientation distributions, it can be deduced that the basal planes tend to lie in a half stir valley. Though Park et al. 9) mentioned that the h0002i direction in the middle section of the stir zone tends to lie on the PDTD plane, the obtained pole figures in this investigation indicate that the h0002i direction of the stir zone is actually tilted from PD.
As illustrated in Fig. 2 , the specimens loaded along TD possessed a higher tensile deformation resistance, which can be attributed to the above-mentioned basal plane alignment. When the tensile axis is identical to PD, the basal planes of the PD specimen have an obvious tilt from the loading axis, which is favorable for basal slip as well as twinning deformation, and consequently a lower flow stress is expected. On the contrast, the basal plane alignment is not beneficial for basal slip when the tension is along TD, i.e., basal planes are parallel to or close to the loading axis. Therefore the TD and TDp specimens demonstrate a higher tensile deformation resistance in comparison with the PD specimen as shown in Fig. 2 . From Fig. 7 , it is reasonable to deduce that the basal planes of the FSPed AZ31 alloy tend to form a valley shape corresponding to ND, and this alignment is consistent with the fracture morphology as shown in Fig. 5 . The similarity between the fracture morphology and the basal plane alignment can be attributed to the material flows caused by the stirring tool in the FSP. During the friction stir process, a stirring pin keeps revolving materials from the retreating side to the advancing side; it is inevitable that the fresh stir zone is disturbed by subsequent material flows and is subjected to the friction heat input. Therefore the final shape of each material flow is controlled by the affected range in the rear of the stirring tool. Since the shoulder used in this investigation was wide enough and the rotation speed was high (1600 rpm), it was easier for the above-mentioned alignment pertaining to banded structure to form. Furthermore, since the arrangement of basal planes follows the shear direction, 15) consistency between the banded structure and the alignment of the basal planes would be expected.
Conclusion
Sections were cut from specific positions within the stir zone to explore the tensile responses of mini-regions as well as tensile directions. According to the experimental results, conclusions can be summarized as follows:
(1) The microstructural features reveal that the rotation of the basal planes tilted from the process direction, and the existence of a banded structure in the stir zone was observed. Apparently these two microstructural features affected the tensile properties of each specific region in the stir zone. (2) Coupled with the sections of specific textural orientations, the yield stress of a global specimen in tension along specific directions was similar to that of the miniregion with the minimum deformation resistance. (3) The existence of banded structures in the stir zone also strongly affected the tensile ductility and fracture feature of each friction stir processed mini-region.
